Abstract. X-ray topography provides a non-destructive method of mapping point-by-point variations in orientation and reflecting power within crystals. The discovery, made by several workers independently, that in nearly perfect crystals it was possible to detect individual dislocations by X-ray diffraction contrast started an epoch of rapid exploitation of X-ray topography as a new, general method lor assessing crystal perfection. Another discovery, that of X-ray Pendellcisung, led to important theoretical developments in X-ray diffraction theory and to a new and precise method for measuring structure factors on an absolute scale. Other highlights picked out for mention are studies of Frank-Read dislocation sources, the discovery oflong dislocation helices and lines of coaxial dislocation loops in aluminium, of internal magnetic domain structures in Fe-3 wt.% Si, and of stacking faults in silicon and natural diamonds.
Introduction
The discovery that individual dislocations could be detected by X-ray diffraction contrast forms an appropriate starting point for this account. That observation was made nearly simultaneously by several investigators, working independently, and using different X-ray optical arrangements: the Berg-Barrett surface reflection method by Newkirk (1958) , the anomalous transmission method by Borrmann, Hartwig and Irmler (1958) , the doublecrystal reflection topograph method by Bonse and Kappler (1958) and the section topograph method by Lang (1958) . In section topograph experiments under low absorption conditions it was anticipated, and in fact observed, that point-to-point variations in dislocation density would produce corresponding variations in diffracted intensity on the section topograph image. The -t Thir *"tribution is one of three lectures which were held during the Symposium "1912 Symposium " 1992 80 Jahre Laue-Experiment" on September 17,1992, in the course of a meeting of the 'Arbeitskreis Rontgentopographie' at the Friedrich-Schiller-Universitdt Jena. The other two lectures by G. Borrmann and R. Bub6kov6 are published on the pages 387-393. O by R. Oldenbourg Verlag, Miinchen 1995 high strength of the kinematic images produced by individual dislocations in silicon crystals of low dislocation density, recorded on section topographs taken with AgKa, radiation with pt not exceedin1 2-3, came as a surprise, but could also have been predicted. These observations were made in the Summer of 1957, but it was not until late September 1957 that the crucial experiment could be performed to show one-to-one correspondence of X-ray topographic images of dislocations with their infrared microscopic images after the dislocations had been decorated by copper precipitation. Then it was demonstrated that a new, non-destructive method for mapping dislocations within crystals, not dependent upon any decoration technique, had become available. The many applications of X-ray topography to dislocation studies made in the decade or so following have been detailed in reviews, e.g. Armstrong and Wu (1973) , Tanner (1976) and Lang (1978) . The highlights chosen for illustration here are, with one exception, of pre-1970 vintage and are drawn from the author's experience. For brevity, little reference can be made to parallel work that was being done by others: for that information the above-cited reviews should be consulted,
Pendelliisung
The X-Ray topograph camera brought into use at Harvard in 1957 opened the way to rapid progress in the study of dynamical diffraction phenomena in nearly perfect crystals. The camera had a precise linear traversing platform for the specimen, providing repeated to-and-fro translations as needed for projection topography (Lang, 1959) , or step-wise movements when taking series of section topographs (Lang, 1957 ) using a narrow incident beam (spatial width down to 10 pm). This combination of operating modes was highly informative in showing the relation between projection topograph images of Pendelldsung fringes in wedge-shaped crystals and the corresponding'hook-shaped' Pendellosung fringes that appeared in section topographs (Kato, Lang, 1959) . The use of fine-grain photographic emulsions (Ilford nuclear emulsions from the end of 1957 onwards), plus strict X-ray collimation and careful screening to keep backgrounds low, combined to ensure easy discrimination between interesting diffraction effects and unwanted Fig,l . Pendellosung in the Laue case with an extended plane incident wavefront. (A copy of Ewald's diagram (EwaId,192'7 ,1933).) image artefacts. Clearly belonging to the former category were Pendellosung fringes! The circumstances of their discovery have recently been recalled (Kato, 1992; Lang, 1993) . In brief, the author recognised the connection between the fringe patterns and the diagram ( Fig. 1 ) he had seen in the 1933 edition of Ewald's summary of dynamical diffraction theory, but he had not yet learned the theory. On the other hand, Kato, who had just joined the author at Harvard, well understood the theory and was prompt in exploiting Pendellosung fringe spacing measurements for absolute determination of lFl values. Moreover, he appreciated the significance of the sense of curvature exhibited by the hook-shaped fringes, and from that perception proceeded to develop his'sphericai wave' theory of dynamical diffraction.
The choice of X-ray topographs to show here has been biassed towards those including prominent Pendellosung fringes, this being an appropriate way of highlighting their importance throughout X-ray topography as graphically demonstrating dynamical diffraction processes in action. Down at the practical level, the visibility of Pendellosung fringes provides a good statistical indicator of long-range lattice perfection, and distortion of the fringes sensitively reveals long-range elastic distortions.
Dislocations in silicon
Silicon was the work-horse specimen in much early X-ray topographic work. In those days the technique for growing large, dislocation-free silicon crystals was not yet established, and genuine technological interest attached to studies of dislocation generation and propagation in the melt-grown material. Some'text-book' illustrations of dislocation behavior were provided by X-ray topographic studies of silicon bars about 3 mm square in crosssection and 20 mm long produced by W. C. Dash. These had very low or zero density of grown-in dislocations. By twisting the bars in a narrow range of temperatures between that at which brittle fracture always occurred and that at which dislocations moved and multiplied too readily, Dash produced specimens in which slip occurred on only a few planes, widely spaced spatially. Several such bars were surveyed X-ray topographically in transmission, using AgKe, radiation, which was sufficiently penetrating. A number of well-developed internal dislocation sources of Frank-Read type (Frank, Read, 1950) was discovered. One of these, which lay in a slip-plane oblique to the [111] , long axis of the bar was selected for detailed study; and to facilitate examination with different Bragg relfections the volume containins this source was sawn Authier and Lang (196a) .) The specimen is pyramidal in shape. The surface sawn and polished parallel to t11T) faces the observer. Sloping away from the observer towards the pyramid apex are the original prism faces of the bar, 11T21 on left, and (110) on right, with a facture surface roughly parallel to (111) at the top. Image width is 3.4 mm. from the bar, cutting along a plane (indexed (11T) parallel to but about 0.5 mm distant from the plane containing the source. Fig. 2 is one of many X-ray topographs taken that enabled the three-dimensional geometry and Burgers vectors to be established for all dislocations associated with the source, as well as for some other families of dislocations in the specimen (Authier, Lang, 1964) . Among features of interest in addition to the spiral source seen in the upper left part of the image are the Pendellosung fringes. These follow specimen thickness contours in undistorted regions, but their spacings become contracted on approaching the regions ofintense diffraction contrast (black on the topograph) where there is strong distortion due to dislocation pile-ups on the (111) slip-planes seen nearly edge-on.
Dislocations in metals
To observe individual dislocations within metal single crystals that were orders of magnitude thicker than those examinable by transmission electron microscopy, and by virtue of their thickness, reasonably representative of the bulk material, was a major highlight among early X-ray topographic applications. Strain-anneal grown crystals prepared from zone-refined aluminium were studied initially. First observations of individual dislocations were made at the end of 1958 (Lang, Meyrick, 1959) . Fuller studies on similar material followed (Authier, Rogers, Lang, 1965) . A topograph drawn from the latter study is shown in Fig. 3 . Once again Pendellosung fringes A. R. Lang   Fig. 3 . X-ray topograph of wedge-shaped volume of crystal of pure aluminium. AgKe, radiation, 111-type reflection, projection of diffraction vector points downwards and slightly leftwards, making 14" with the plane of the specimen. Image area = 1 mm2. Pendellosung fringes provide thickness contours, the contour interval being 38 pm. The maximum thickness of the diffracting volume is at the bottom of the image, and is nearly 0.9 mm.
testify to good long-range lattice regularity. In this case the wedge is formed between the external surface of the crystal (carefully electropolished to be damage-free) and a smooth internal boundary that makes about 33' with the external surface. (The rest of the ! 1 mm thickness of the specimen is not Bragg-reflecting.) The internal boundary is parallel to a (11l)-type plane, and is almost certainly a twin boundary, twinning being common in these strain-anneal grown crystals. Section topographs showed the bulk dislocation density to be about 104 lines cm -2, but much lower within 200 to 300 pm of the surface, which was attributed to dislocation loss at the surface. The most striking features discovered were long dislocation helices and lines of coaxial dislocation loops, all having a (110) axis, with Burgers vectors parallel to the (110) axis concerned. The loops needed to be about 10 pm in diameter to be resolved as such; smaller loops appear as black dots, as seen in the upper part of Fig. 3 . This crystal was prepared and first topographed in 1960. Fig. 3 is a repeat topograph taken one and a half years later. Some movement and multiplication of the curvilinear dislocation segments had occurred, due to accidental strains, but the helices and lines of coaxial loops are not glissile and were unchanged except where interaction had occurred with dislocations passing through them. Authier et al. (1965) explained the helices as arising from absorption of vacancies at long screw dislocations, with subsequent interaction of the helix with its own or a neighboring dislocation producing a set of coaxial prismatic loops (Bontinck, 1957) .
Internal ferromagnetic domain structures
A noteworthy by-product of the X-ray topographic studies of dislocations in Fe-3 wt.% Si single crystals carried out in 1962, and reported later (Lang, Polcarov6r, 1965) , was the discovery of hitherto unobserved internal magnetic closure domains within (1 10)-orientation plates. Sadly, no account of this early work has been published, but one example of the relevant X-ray topographic patterns recorded in 1962 appears in Lang (1993) . Later in the 1960's it was found that 180' Bloch walls in Fe-3 wt.% Si, which produce no long-range deformation, and which were held to be invisible in X-ray topography, can be detected on projection topographs taken by the standard technique under favorable conditions. This observation qualified as a highlight, but has only recently been described (Lang, Polcarov6, 1991) . Bloch walls of 90' type do produce strong diffraction contrast. A largearea walT of this nature is equivalent to a (101) reflection twin boundary in a slightly tetragonal lattice of axial ratio 1 -t 31roo, where 2ro6 is about 2.1 xl}-s in annealed Fe-3 wt.oh Si. The wall behaves like a low-angle tilt boundary, producing an effective tilt comparable with the ideal reflection curve width in the case of low-order reflections, and thus generating interbranch scattering.
In the case of single-crystal plates parallel to (ll2), whose surfaces contain no (100) easy magnetisation direction, the whole specimen is divided into a hierarchy of domains that in spatial scale diminish from specimen interior towards specimen surfaces. Such specimens were used in the first demonstration that X-ray topography could reveal the configurations and movements of the domains dominant in the hierarchy (PolcarovS, Lang, 1962) .In regions of the specimen less than about 20 pm thick the X-ray topographic patterns simplify, and can be satisfactorily explained by a basic laminated domain structure having a single generation of closure domains. This explanation of some of lhe 1962 observations has at last been put into print (Frank,Kacz1r, Lang, Polcarovit, 1993 ).
Stacking faults X-ray topographic images of large-area stacking faults appeal aesthetically as well as offering good scope for matching theory, simulation and experiment. Stacking faults with areas of several mm2 were found in silicon by Kohra and Yoshimatsu (1962) . The spherical wave diffraction theory for translation faults (of which the stacking fault in the f.c.c. lattice is a special case) was introduced by Kato, Usami and Katagawa (1967) . The effects of anomalous absorption on fringe contrast were derived by Authier (1968) by explicit incorporation of this factor into Kato's theory. Many theoretical and experimental studies of stacking faults were performed by Authier and his colleagues in subsequent years. The brief remarks following concern only stacking faults in natural diamonds. The frrst observations were made on faults of which the majority were only about 10-3 mm2 in area (and hence difficult to study). These small faults had nucleated at depths between 30 and 50 pm below an unusually flat and etch-pit-free natural octahedral surface. The faults on {111} inclined to the natural surface and outcropping thereon comprised those on single planes (triangles), on two planes (dihedra), and on three planes (trihedra). However, the specimen also contained one totally enclosed regular tetrahedral fault (edge length 115 pm), large enough for the dynamical images it produced when located at various positions within the Borrmann triangle of a section topograph to be recorded and interpreted (Lawn, Kamiya, Lang, 1965) . A few years later stacking faults up to 0.5 mm in edge length were found in another rather perfect natural diamond of tabular octahedral habit. About l97I this crystal was etched in molten KNO3 to remove the surface damage that natural crystals always exhibit; Fig.4 shows a topograph taken after etching. To complete the history as regards stacking faults in natural diamonds two relatively recent detailed studies may be cited, Jiang and Lang (1983) , and Kowalski, Lang, Makepeace and Moore (1989) .
